Fourteen herbs were extracted in water, 95% ethanol, and ether, and tested in vitro for antimicrobial activities against Aeromonas hydrophila, a fish pathogen causing motile Aeromonas septicemia. Using swab paper disc assays and minimal inhibitory concentration (MIC) determinations, we noted that the ethanol extract of Psidium guajava leaf exhibited the strongest antimicrobial activity. The extract allowed growth-inhibited A. hydrophila cells to regrow in fresh BHI broth indicating a bacteriostatic mode of action. In a pathogenicity test, the median lethal dose (LD 50 ) of A. hydrophila for tilapia (Oreochromis niloticus) by intraperitoneal injection was 3.44×10
Fourteen herbs were extracted in water, 95% ethanol, and ether, and tested in vitro for antimicrobial activities against Aeromonas hydrophila, a fish pathogen causing motile Aeromonas septicemia. Using swab paper disc assays and minimal inhibitory concentration (MIC) determinations, we noted that the ethanol extract of Psidium guajava leaf exhibited the strongest antimicrobial activity. The extract allowed growth-inhibited A. hydrophila cells to regrow in fresh BHI broth indicating a bacteriostatic mode of action. In a pathogenicity test, the median lethal dose (LD 50 ) of A. hydrophila for tilapia (Oreochromis niloticus) by intraperitoneal injection was 3.44×10
6 CFU/ml. In vivo experiments showed that fish diets containing either dry leaf powder of P. guajava or dried ethanol extract of P. guajava leaf reduced mortality of A. hydrophila infected tilapia with no detected adverse effect on the fish. This study suggests that P. guajava leaf has the potential to control fish diseases caused by A. hydrophila.
[Key words: Psidium guajava, Aeromonas hydrophila, motile Aeromonas septicemia, antimicrobial activity, tilapia]
Species of Aeromonas are short, gram-negative, facultatively anaerobic, non-spore-forming, motile bacilli with a single flagellum, and can ferment glucose with or without the production of gas. They are 0.3-1.0 μm in diameter and 1.0-3.5 μm in length. They occur ubiquitously and autochthonously in aquatic environments. The genus Aeromonas is within the family Aeromonadaceae, which comprises of 14 different species (1); among which, Aeromonas hydrophila is known to infect fish, reptiles, amphibians (2) , and humans (3). Some diseases caused by A. hydrophila can spread from animals to humans and vice versa.
A. hydrophila is a major cause of bacterial infections affecting warm water fish such as carp (Cyprinus carpio), channel catfish (Ictalurus punctatus), striped bass (Morone saxatilis), largemouth bass (Micopterus salmoides), and tilapia (Oreochromis niloticus). It can cause motile Aeromonas septicemia (MAS) in fish, both in commercial production systems and in natural waters. MAS is stress-related, and conditions such as poor water quality, overcrowding, and rough handling make fish more susceptible to the bacteria. Infected fish frequently exhibit small pinpoint hemorrhages at the base of fins or on the skin, distended abdomens, and protruding eyes. Internal signs include fluid in the abdomen, swollen liver and spleen, and distended and fluid filled intestines. The disease can produce significant losses in the aquaculture industry because of reduced growth and unmarketable appearance of infected fish. When virulent strains of A. hydrophila become endemic in a fish population, introducing new fish into the water body without significant mortalities is difficult.
Currently, bacterial infections in aquaculture, including MAS, are mainly controlled by antibiotics. However, recently, the use of antibiotics in aquaculture has received considerable attention because their use can lead to the development of drug resistant bacteria, thereby reducing drug efficacy. Moreover, the accumulation of antibiotics both in the environment and in fish can be potentially risky to consumers and the environment (4) . To alleviate such problems, use of so-called environment friendly, natural products has been considered as an alternative to control bacterial infections in aquaculture. Some herbs are reported to have antimicrobial activity against several pathogenic bacteria and have been used as traditional medicines for the treatment of human diseases. Recently, they have been used as to control diseases in animals, including fowl (5), calves (6) , and tilapia (7, 8) . In this study, we tested several herbs for antimicrobial activity and mode of action against A. hydrophila. This work also describes the use of fish diets supplemented with Psidium guajava leaf as a treatment against A. hydrophila infections in tilapia, one of the most cultured fish species in Thailand with a high incidence of A. hydrophila infection.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The A. hydrophila used in this study was isolated from diseased tilapia naturally occurring in the Moon River, Ubon Ratchathani Province, Thailand. A. hydrophila was grown in brain-heart infusion (BHI) broth and agar at 30°C. The bacterial stock was stored as a frozen culture at −20°C in BHI broth containing 20% glycerol (v/v) until use.
Preparation of herb extracts The 14 herbs used in this study are listed in Table 1 . They were oven dried at 70°C for 72 h and then powdered. Extracts of the powdered herbs were prepared using water, 95% ethanol, or ether as solvents at ratios of 1 :10 (w/v). The extractions were carried out at room temperature for 24 h. The extracts obtained were centrifuged at 13,000 rpm at room temperature for 15 min and the supernatants stored at −20°C until use. Concentration of each extract (mg/ml) was determined from dry weight of 100 ml of the extract and was adjusted to 0.1 mg/ml.
Detection of antimicrobial activity of herb extracts against A. hydrophila A swab paper disc method (9) with some modifications was used to detect antimicrobial activity of herb extracts against A. hydrophila. Bacterial colony forming units (CFU) (10 8 /ml) were spread with a sterile swab on BHI agar plates. Sterile filter paper discs (Schleicher & Schuell, NH, USA), 6 mm in diameter, were placed on the surface of the agar plates containing the tested strain. Twenty microliters of the extracts were dropped separately on the paper discs. Oxytetracyline (20 μg/ml) was used as a positive control and the solvent of each extract (20 μl) was used as a negative control. The plates were incubated at 30°C for 24 h, after which the zones of bacterial growth inhibition (diameters) around the paper discs were measured. Growth inhibition diameter in the negative control treatment was subtracted with the remainder representing the zones of growth inhibition. When no growth inhibition in negative control treatment was observed, the diameter of the disc was subtracted. Every experiment was carried out five times. Inhibition zones > 15 mm were categorized as strong activity, from 10-15 mm as moderate activity, and <10 mm as weak activity.
Determination of minimal inhibitory concentrations (MICs) Each herb extract with an initial concentration of 0.1 mg/ml was subjected to twofold serial dilution. One hundred microliters of each dilution were added to 4.9 ml of A. hydrophila culture (10 3 CFU/ml). The mixture was incubated at 30°C for 24 h. The MIC value of each extract (μg/μl) represented the lowest concentration of the extract showing definite inhibition of the tested strain. The MIC value of oxytetracycline was also determined. The average MIC was determined from the results in five experiments.
Examination of mode of action The extract exhibiting the strongest antimicrobial activity against A. hydrophila was used in this experiment. The herb extract (at a final concentration equal to the MIC value) was added to 4.9 ml of A. hydrophila culture (10 3 CFU/ml). After incubation at 30°C for 24 h, 100 μl of the mixture was inoculated into 4.9 ml of fresh BHI broth. The optical density at a wavelength of 600 nm of the culture was determined at inoculation and after incubation at 30°C for 24 h.
Fish preparation Live tilapia of mixed sexes were obtained from the Freshwater Aquatic Genetic Improvement Center, Charoen Pokphand Food Public Co. Ltd. (CP Group, Bangkok, Thailand). They were maintained in 500 l plastic containers at 30°C, subjected to a 12 h light, 12 h dark cycle, and fed a commercial tilapia diet (Sakura Fish Food, See-All Aquariums, Bangkok, Thailand) for 2 weeks prior to the experiment. To determine whether the fish were free of bacterial infection, they were randomly sampled, and their livers and kidneys aseptically streaked on BHI agar and incubated at 30°C for 24 h.
All fish experiments were conducted in 45 l aquaria at 30°C. Ten tilapia weighing 10 ± 1 g were placed in each aquarium 24 h prior to the experiments. Commercial tilapia diet was supplied twice daily at the rate of 5% of total fish body weight per day.
Examination of pathogenicity of A. hydrophila Groups of 10 tilapia were used to study pathogenicity of A. hydrophila. From an initial bacterial concentration of 6.0 ×10 8 CFU/ml, 10-fold serial dilutions were prepared, and 50 μl of each dilution was injected into each fish intraperitoneally. As a control, the same amount of physiological saline was injected instead of the bacterial suspension. Each dilution trial was conducted in five replicates. Mortalities were recorded daily for 2 weeks. Dead fish were removed from the aquarium daily and their livers and kidneys were subjected to bacterial identification testing, as described above, to confirm the presence of A. hydrophila infection.
The median lethal dose (LD 50 ) using the method of ReedMuench (10) was calculated as follows: log LD 50 = α log b + c where α = [mortality > 50%-50%] /[mortality > 50%-mortality < 50%]; b = dilution rate (10 -1 ); and c = the log of minimum dilution rate in which the mortality was > 50%. LD 50 was expressed as colony forming units per milliliter (CFU/ml).
Fish diet preparation Commercial tilapia diet supplemented with dried leaf powder of P. guajava, dried P. guajava ethanol extract, and oxytetracycline were prepared. Diet 1 comprised dried leaf powder of P. guajava in the commercial tilapia diet at a ratio of 1 :4 w/w. Diet 2 consisted of dried P.guajava ethanol extract mixed in the commercial tilapia diet at a ratio of 1:24 w/w. Diet 3 comprised the commercial tilapia diet supplemented with oxytetracycline at a ratio of 1 :199 w/w. Each supplemented diet was mixed with distilled deionized water (1 ml/g) until a homogenous mixture was obtained. The mixture was passed through a meat mincer, producing extruded string shapes, which were dried at 30°C for 24 h and then broken to produce pellets approximately 2-mm long. The control diet (diet 4) was prepared using the same process except no supplement was added. Fish feeding experiment To study the effect of P. guajava supplemented diets on A. hydrophila infection in vivo, groups of 10 uninfected tilapia were fed diets 1, 2, 3, or 4 for 5 d. On the sixth day, tilapia were anesthetized with 0.025% clove oil and infected with A. hydrophila by intraperitoneal injection of 50 μl of bacterial suspension, at a dose level causing 50% mortality (LD 50 ). Feeding of the assigned diets continued for 10 d. Mortality was observed daily. Dead fish were removed from the aquaria daily, and their livers and kidneys were subjected to bacterial determination as described above. After 10 d, bacterial identification was performed on the livers and kidneys of the surviving fish to determine if they were free of A. hydrophila infection. The experiment was conducted in five replicates. The same experiment was also conducted without A. hydrophila injection to examine whether the supplemented fish diets had an effect on tilapia. In addition to mortality, the appearance, feeding response, and behavior of the fish were observed daily.
RESULTS
Detection of antimicrobial activity of herb extracts against A. hydrophila
Extracts of fourteen herbs, in water, 95% ethanol, or ether, were tested for antimicrobial activity against A. hydrophila (Table 2 ). Four herbs (T. crispa, A. galangal, M. charantia, and C. citrates) did not inhibit A. hydrophila in all extraction solvents, while four herbs (P. guajava, A. paniculata, A. sativum, and G. mangostana) exhibited inhibitory activity in all extraction types. Ten, seven, and three extracts exhibited strong, moderate, and weak inhibitory activity, respectively. The largest inhibition zone diameter (20.1 ± 0.7 mm) was obtained from the ethanol extract of P. guajava leaf, while the smallest inhibition diameter (6.6 ± 1.2 mm) was obtained from the ether extract of O. sanctum leaf. Oxytetracycline produced zones of growth inhibition against A. hydrophila with an average diameter of 29.3± 0.5 mm.
The ether extractions produced the highest numbers of herbs showing antimicrobial activity with 5 strong, 3 moderate, and 1 weak activity, while water extractions gave the lowest numbers of 1 strong, 2 moderate, and 1 weak activity. Within the 95% ethanol extractions, herbs 4, 2, and 1 showed strong, moderate, and weak activity, respectively (Table 2) .
MIC determination
The MICs against A. hydrophila of the herb extracts, which showed microbial inhibition were determined in BHI broth. The results showed that the ethanol extract of P. guajava leaf had the lowest MIC (62.5 μg/μl), while the aqueous extract of A. sativum and the ether extract of O. sactum had the highest value (> 2000 μg/μl). The other antimicrobially active herb extracts had MIC values of 125 μg/μl (2 extracts), 250 μg/μl (7 extracts), 500 μg/μl (5 extracts), 1000 μg/μl (1 extracts), and 2000 μg/μl (2 extracts) ( Table 3 ). The MIC of oxytetracycline against A. hydrophila was 0.5 μg/ml.
Since the ethanol extract of P. guajava leaf presented the strongest inhibitory effect against A. hydrophila in both swab paper disc assay and MIC determination, that extract was used in the remaining experiments.
Examination of mode of action To study the mode of action of the P. guajava leaf ethanol extract against A. hydrophila, the recovery of A. hydrophila, which had been inhibited by the extract for 24 h, was examined in fresh BHI broth. The inhibited bacteria resumed growth in fresh BHI broth within 24 h (Fig. 1) , suggesting that the ethanol extract of P. guajava leaf has a bacteriostatic effect on A. hydrophila.
Examination of pathogenicity of A. hydrophila Pathogenicity of A. hydrophila for tilapia is shown in Table 4 . All deaths occurred within 5 d after bacterial infection and the pathogen was found in the livers and kidneys of all mortalities. The calculated LD 50 of A. hydrophila for tilapia was 3.44 ×10
6 CFU/ml.
Fish feeding experiment
Before testing the thera- peutic effects of fish diets supplemented with P. guajava leaf powder, P. guajava ethanol extract, or oxytetracycline on tilapia infected with A. hydrophila, all diets were fed to uninfected fish. No adverse effect was observed. When infected tilapia were fed a control diet with no supplements (diet 4), a > 40% mortality occurred within 24 h (Fig. 2) . In infected tilapia fed diet 1 (supplemented with P. guajava leaf powder), diet 2 (supplemented with P. guajava ethanol extract), or diet 3 (supplemented with oxytetracycline), substantial reductions in mortality were observed (Fig. 2) . No significant difference in mortality of fish was observed among the two P. guajava treatments and the oxytetracycline treatment.
DISCUSSION
This study aimed to find a natural source, antimicrobial substance to replace antibiotics for the treatment of A. hydrophila infections in fish aquaculture. The A. hydrophila used in this study was isolated from naturally occurring tilapia exhibiting MAS from the Moon River, Ubon Ratchathani Province, Thailand. The A. hydrophila pathogenicity was confirmed by determination of its LD 50 for tilapia, which was 3.44 ×10
6 CFU/ml. In this study, we screened 14 herbs to determine the herb with the strongest antimicrobial activity against A. hydrophila. The herbs were selected because they are readily found, and easily grown, throughout Thailand. Moreover, the herbs had previously been reported to have antimicrobial activity (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Such herbs, if effective against A. hydrophila, would make it practical for Thai farmers to use a locally occurring herb as a replacement for antibiotics.
Based on inhibition zone sizes and MIC values against A. hydrophila, the ethanol extract of P. guajava leaf had the strongest antimicrobial activity. It was also shown to have a bacteriostatic mode of action.
Belemtougri et al. (26) reported that antimicrobial compounds found in P. guajava leaf ethanol extracts were anthocyans, alkaloids, flavonoids, tannins, and terpenoids. Among these compounds, only the flavonoids (morin, mori-3-Olyxoside, morin-3-O-arabinoside, quercetin, and quercetin-3-O-arabinoside) were found to have a bacteriostatic effect on fish pathogenic bacteria including A. hydrophila, A. salmonicida subsp. salmonicida, Flavobacterium columnare, Lactococcus garvieae, Streptococcus agalactiae, and Vibrio salmonicida (25) . This suggests that the inhibitory effect of the P. guajava leaf ethanol extract may due to the presence of flavonoids, or flavonoids combined with other antimicrobial substances. Although the other compounds identified by Belemtougri et al. ample, Leitao et al. (27) reported that anthocyans isolated from cranberry juice had antibacterial activity against Staphylococcus aureus. According to a review by Scalbert (28) tannins may be toxic to filamentous fungi, yeasts, and bacteria. Terpenes have been reported to be active against bacteria (29-32), fungi (33, 34) , viruses (35, 36) , and protozoa (16) . Even though protozoa (37, 38) and viruses (39, 40) were reported to be the major targets of alkaloids, antibacterial effects have also been described (16) . For oral administration to tilapia, P. guajava was added to a commercial fish diet either as a leaf powder or as a dried ethanol leaf extract. Both supplements markedly reduced the mortality of tilapia experimentally infected with A. hydrophila and no toxic effects were observed. Moreover, no significant differences in mortality rates were found among tilapia treated with P. guajava leaf powder, its ethanol extract, or those treated with oxytetracycline. The results suggest that P. guajava has therapeutic potential. To develop a treatment for MAS in tilapia, further experiments into aquacultural use of P. guajava supplemented fish diets against natural A. hydrophila infections in tilapia are underway.
The prolonged and extensive use of antibiotics to control diseases in fish aquaculture can be harmful to consumers, farmers, and the environment (4) . At present, the use of antibiotics are strictly regulated and many may be prohibited in the near future. The results presented here indicate the potential of using the readily available P. guajava as an environmental friendly antibiotic for controlling A. hydrophila infection in tilapia.
